The cytoplasmic replication of positive-sense RNA viruses is associated with a dramatic rearrangement of host cellular membranes. These virus-induced changes result in the induction of vesicular structures that envelop the virus replication complex (RC). In this study, we have extended our previous observations on the intracellular location of West Nile virus strain Kunjin virus (WNV KUN ) to show that the virus-induced recruitment of host proteins and membrane appears to occur at a pre-Golgi step. To visualize the WNV KUN replication complex, we performed three-dimensional (3D) modeling on tomograms from WNV KUN replicontransfected cells. These analyses have provided a 3D representation of the replication complex, revealing the open access of the replication complex with the cytoplasm and the fluidity of the complex to the rough endoplasmic reticulum. In addition, we provide data that indicate that a majority of the viral RNA species housed within the RC is in a double-stranded RNA (dsRNA) form.
West Nile virus (WNV) belongs to the Flaviviridae, which is a large family of enveloped, positive-strand RNA viral pathogens that are responsible for causing severe disease and mortality in humans and animals each year. The Australian WNV strain Kunjin virus (WNV KUN ) is a relatively low-pathogenic virus that is closely related to the pathogenic WNV strain New York 99 (WNV NY99 ), the causative agent of the 1999 epidemic of encephalitis in New York City (11) .
It has become increasingly known that the replication of most, if not all, positive-sense RNA viruses, whether they infect plants, insects, or humans, is associated with dramatic membrane alterations resulting in the formation of membranous microenvironments that facilitate efficient virus replication. In most cases the induced membrane structures house the actively replicating viral RNA and comprise 70-to 100-nm membrane "vesicles" (sometimes referred to as spherules). Although this distinct morphology is shared across virus families, the cellular origins of these membranes is diverse: the endoplasmic reticulum (ER), mitochondria, peroxisomes, and trans-Golgi membranes have been implicated in different viral systems (1, 8, 13, 23, 31, 38, 41, 45) . This diversity implies that the processes involved in inducing the membrane vesicles/ spherules are shared, rather than the composition of the membrane itself, although the exact purpose for utilizing membranes derived from different cellular compartments is still not completely resolved or understood.
The replication of the flavivirus WNV KUN is associated with the induction of morphologically distinct membrane structures that have defined roles during the WNV KUN replication cycle. Three well-defined structures can be seen as large convoluted membranes (CM), paracrystalline arrays (PC), or membrane sacs containing small vesicles, termed vesicle packets (VP) (18, 20, 48) . Based on localization studies with viral proteins of specific functions, we observed that components of the virus protease complex (namely, nonstructural protein 3 [NS3] with cofactor NS2B) localize specifically to the CM/PC, whereas viral double-stranded RNA (dsRNA) and the viral RNA-dependent RNA polymerase (RdRp) NS5 localized primarily to VP (20-22, 47, 48) . Additionally, we observed that the CM and PC originate from and are modified membranes of the intermediate compartment (IC) and rough endoplasmic reticulum (RER), whereas the VP appear to be derived from trans-Golgi network (TGN) membranes (19) . Recently, we have found that the WNV KUN NS4A protein by itself has the intrinsic capacity to induce the CM and PC structures (35), a property also subsequently shown for Dengue virus (DENV) NS4A (29) . Additionally, we have shown that upon WNV infection cellular cholesterol and cholesterol-synthesizing proteins are redistributed to the virus-induced membranes and that this redistribution severely disrupted the formation of cholesterolrich microdomains (23) . Furthermore, we have shown that the membranous structures induced during WNV replication provide partial protection of the WNV replication components from the interferon (IFN)-induced antiviral MxA protein, suggesting that the distinct compartmentalization of viral replication and components of the cellular antiviral response may be an evolutionary mechanism by which flaviviruses can protect themselves from host surveillance (6) .
In this study we focused on three-dimensional (3D) modeling to give insight into the 3D structure of the VP and provide evidence of how these complexes are organized and formed within the RER membrane. These results add valuable information to our understanding of how the WNV replication complex (RC) functions.
MATERIALS AND METHODS
Viruses and cells. Cells were infected with WNV KUN strain MRM61C at an approximate multiplicity of infection (MOI) of 3, as was described previously (46) . Vero cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal calf serum (FCS) (Lonza, Basel, Switzerland) and penicillin-streptomycin (100 U/ml and 100 g/ml, respectively; Gibco-BRL) at 37°C with 5% CO 2 . A WNV KUN trans-packaging BHK21 cell line (tetKUN-CprME [3] ) was maintained in DMEM supplemented with 5% FCS; penicillin-streptomycin, G418 sulfate (500 g/ml; Gibco), and puromycin (3 mg/ml, Sigma-Aldrich) for maintenance; and doxycycline (5 mg/ml; Sigma-Aldrich) to suppress the expression of WNV KUN structural proteins until required.
Antibodies. WNV KUN -specific anti-NS1 (clone 4G4 [17] ) monoclonal antibodies were generously provided by Roy Hall (University of Queensland, Brisbane, Australia). Rabbit anti-␤-1,4-galactosyltransferase (GalT) polyclonal antibodies (44) were generously provided by Eric Berger (University of Zurich, Zurich, Switzerland). Mouse anti-dsRNA (clone J2) antibodies were purchased from English & Scientific Consulting Bt. (Hungary). Mouse anti-protein disulfide isomerase (PDI) (clone 1D3 [43] ) monoclonal antibodies were generously provided by Steve Fuller (Oxford University, Oxford, United Kingdom). Rabbit anti-calnexin and anti-giantin antibodies were purchased from Merck-Calbiochem (Germany). Alexa Fluor 488-conjugated concanavalin A (ConA), Alexa Fluor 594-conjugated wheat germ agglutinin (WGA), and Alexa Fluor 488-and 594-conjugated anti-rabbit-and anti-mouse-specific IgG were purchased from Molecular Probes (Invitrogen, Leiden, Netherlands).
Immunofluorescence (IF) analysis. Vero cell monolayers on coverslips were infected with WNV KUN and incubated at 37°C for 24 h. The cells were subsequently washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO), and permeabilized with 0.1% Triton X-100 as previously described (23) . Primary and secondary antibodies were incubated within blocking buffer (PBS containing 1% bovine serum albumin [BSA] ) and washed with PBS containing 0.1% BSA between incubation steps. After a final wash with PBS the coverslips were drained and mounted onto glass slides with a quick-dry mounting medium (United Biosciences, Brisbane, Australia) before visualization on a Leica TCS SP2 confocal microscope. Images were collected by using a Leica digital camera and Leica 3D software before processing for publication using Adobe Photoshop software.
Resin thin sections for electron microscopy. Cells were fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer for 2 h at room temperature. Cells were washed several times in 0.1 M cacodylate buffer followed by fixation with 1% OsO 4 in 0.1 M cacodylate buffer for 1 h. After washing of the cells in 0.1 M cacodylate buffer, specimens were dehydrated in graded acetones for 10 to 20 min each. Subsequently, samples were infiltrated with Epon resin and polymerized in molds for 2 days at 60°C. Thin sections (50 to 60 nm) were cut on a Leica Ultracut ultramicrotome using a Diatome diamond knife and collected on Formvar-coated copper mesh grids. Before viewing in a Jeol 2010 transmission electron microscope (TEM), cells were poststained with 2% aqueous uranyl acetate (UA) and Reynold's lead citrate.
ET. tetKUN-CprME cells were transfected with a WNV KUN replicon expressing the human MxA protein (KUNrepMxA) and processed for conventional resin embedding as described above (A. Hoenen et al., submitted for publication). These cells were utilized for this study, as the collection of images for the analysis was already being performed in the complementary experiment. Ribbons of thin (40-to 60-nm) or thick (300-to 400-nm) sections were cut on a microtome (Leica Microsystems) for a conventional two-dimensional (2D) survey at 80 to 100 keV to assess the quality of cell preservation and for 3D studies by electron tomography (ET) at 300 keV on Tecnai T12 and F30 microscopes, respectively (FEI Company). Thick sections were collected onto Formvar-coated copper (2-by 1-mm) slot grids (Electron Microscopy Sciences) and poststained with 2% aqueous UA and Reynold's lead citrate followed by carbon coating. To facilitate the image alignment that is required for the subsequent image reconstruction step, a suspension of 10-nm gold particles was layered on top of the thick sections as fiducial markers.
For tomography and 3D reconstruction, tilt series were obtained at 2°intervals over a range of 120°about two orthogonal axes. The tilt series were aligned by means of the fiducial markers, and dual-axis 3D density distributions (tomograms) were calculated by using IMOD software from the Boulder Laboratory for 3-D Electron Microscopy of Cells (http://bio3d.colorado.edu/imod/). Images of 3D reconstructions were produced by using the IMOD software package.
RNase treatments. Vero cell monolayers were infected with WNV KUN at an MOI of 3 and incubated at 37°C for 24 h. The cells were subsequently permeabilized with 0.05% Triton X-100 on ice for 5 min, washed with PBS, and fixed with 4% paraformaldehyde-0.1% glutaraldehyde on ice for 30 min. Cells were then washed, equilibrated in either 0.1ϫ SSC (1ϫ SSC is 150 mM NaCl plus 15 mM sodium citrate [pH 7.0]) (low salt) or 2ϫ SSC (high salt), and incubated with or without 50 g/ml RNase A (Sigma-Aldrich) at 37°C for 1 h. The cells were subsequently washed and embedded in Epon resin as described above. Visible threads within the virus-induced vesicles were scored as a percentage within each frame, and results were collated from duplicate experiments.
RESULTS
The WNV KUN RNA replication complex appears to be derived at a pre-Golgi step. Previously, we provided evidence that the membranes comprising the WNV KUN RC were derived from the trans-Golgi membrane and/or trans-Golgi network (TGN) (19) . This was based largely on our immunolocalization studies that showed a distinct redistribution and colocalization of the TGN marker ␤-1,4-galactosyltransferase (GalT) with individual vesicles within the VP. Our previous observations implicating an additional intimate role for the RER (19) and those recently made by Welsch et al. (45) suggest an intriguing situation where the biogenesis of the VP could occur via two mechanisms: (i) the sequestration of the retrograde flow of the TGN proteins via the RER during normal steady-state recycling or (ii) the recruitment of proteins and membrane at an early stage of the secretory pathway, a direct pathway from the ER. To investigate these different hypotheses, we utilized two different fluorescently labeled lectins to identify the carbohydrate groups present on the cellular and viral proteins accumulating within the VP. We used an Alexa Fluor 488-conjugated concanavalin A (ConA) lectin to detect the presence of high-mannose glycans or an Alexa Flour 594-cojugated wheat germ agglutinin (WGA) lectin to detect complex glycans; the former can potentially label the whole ER and Golgi pathway, while the latter detects only glycol components starting with the medial Golgi membrane and the rest of the secretory pathway (2).
Our staining with both of the lectins ConA and WGA displayed a typical localization to the ER and Golgi membrane, respectively, in mock-infected Vero cells (Fig. 1A) . ConA was observed to label a reticular network within the cytoplasm, whereas WGA stained as a "crescent-like" accumulation in the perinuclear region. The costaining of the lectins with the ERand Golgi-resident proteins PDI and calnexin as well as giantin and GalT, respectively, in mock-infected cells revealed that the lectins labeled the proposed organelles (see Fig. S1 and S2 in the supplemental material). As glycoproteins within the ER consist mainly of high-mannose glycans and contain more trimmed and processed complex glycans in the Golgi apparatus, this labeling pattern is what is predicted. In WNV KUNinfected Vero cells, anti-dsRNA antibodies clearly detected individual foci scattered throughout the cytoplasm (Fig. 1B) . In some cases these foci resembled "doughnut-like" structures but more often than not stained as complete foci. The vast majority of these foci were coincident with ConA; however, they were completely distinct for staining with WGA. The WGA staining was typically "Golgi-like," but the dsRNA foci were interspersed within this staining pattern but not coincident. We believe that these observations provide evidence that the proteins residing within the WNV KUN VP, including potentially host cell glycoproteins, contain high-mannose glycans, implying that their trafficking to the VP has occurred at a pre-Golgi step. This suggests that the WNV KUN (25) . Glycoproteins residing within the VP contain high-mannose glycans. The host protein GalT is a trans-Golgi-resident glycoprotein that posttranslationally acquires complex glycans during transit through the Golgi apparatus (39) . Additionally, the flavivirus NS1 glycoprotein contains both high-mannose and complex glycans during maturation and secretion from infected cells (27, 49) . Both of these proteins have been implicated in playing roles during flavivirus RNA replication (15, 16, 19, 20, 48) , and both are localized to the VP during WNV KUN and DENV infection (19, 20, 48) . Thus, we aimed to confirm our above-described results and determine the glycosylation status of the GalT and NS1 proteins within the VP. As shown in Fig. 2 , GalT confined within the WNV KUN RC could be colabeled only with ConA but not WGA (Fig. 2a to f) . This was also observed for the WNV KUN NS1 protein, where again, costaining was observed only with ConA ( Fig. 2g to l) . In contrast, GalT was efficiently costained with WGA in mock-infected cells, as expected (see Fig.  S2 in the supplemental material) . These results support a hypothesis where the sequestration of host proteins and membranes within the VP and its biogenesis occur at a pre-Golgi step, likely via interactions that occur within the ER membrane platform. This has profound implications for the processes that regulate protein and membrane trafficking at this site within WNV KUN -infected cells, in particular the mechanism by which host glycoproteins bound for the Golgi apparatus may be sequestered early in the secretory pathway and then transit en bloc to their sites of residency within the Golgi stack. As we have recently shown that cholesterol is a major factor during WNV KUN replication (23), a potential role for lipid-based sorting may be exploited by WNV KUN whereupon the cholesterol-rich membrane platform is sequestered and, in doing so, additionally "captures" host proteins that have been collected within these platforms for transport. 
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3D electron tomography reveals open access between the WNV KUN RC and the cytoplasm. Our previous studies investigating the ultrastructural localization of the WNV KUN RC have relied upon the immunolabeling of thawed thin sections from cryofixed infected cells. Although these studies have revealed many insights into our current understanding of the composition and functionality of the RC, thin sectioning still provides only multiple 2D snapshots of the events occurring intracellularly. The technique of electron tomography has become an increasingly powerful tool to reveal 3D information on cellular structures, including structures involved in the intracellular replication of positive-sense RNA viruses (7, 8, 45) . To extend our studies further, we also utilized the technique of electron tomography to visualize the WNV KUN RC. However, we modeled the RC from a WNV packaging cell line transfected with WNV replicon RNA (see Materials and Methods). We have previously shown that the formation of the WNV KUN RC in replicon-transfected cells is morphologically analogous to that during virus infection (24) . In short, a 300-nm-thick section was collected from conventional Epon-embedded cells and visualized in a 300-kV TEM. The section was tilted over 120°, and images were collected at every 2°interval. With the help of computer software the collected images were aligned and tomograms were calculated, followed by the construction of 3D models of the intracellular structures. As shown in Fig.  3 , the most striking feature was the intimate association of the RER that comprises the bounding membrane of the VP. This supports our observations of a role for the RER in the biogenesis of the WNV KUN VP (see above) and recent observations made during DENV replication (45) . We have additionally shown the localization of PDI within the VP, as described previously (19) , and the colocalization of both PDI and calnexin with dsRNA by IF analysis (see Fig. S3 in the supplemental material). The other striking feature was the visualization of individual necks on the vesicles within the VP that are open to the cytoplasm (arrows in Fig. 3A and B) . This was not always obvious by standard thin-section analysis of resin-embedded material, but we are now able to visualize this via sequential planes within the 2-nm tomogram slices. The presence of an open neck is a common observation for other positive-strand RNA viruses, including alphaviruses (i.e., Semliki Forest virus [1] ) and alphanodaviruses (i.e., Flock House virus [8] ); however, it has been observed only once within flavivirus-infected cells (45) . The presence of a neck more than likely allows the transfer of cytoplasmic constituents (i.e., nucleotides) into the vesicles and the release of newly synthesized viral genomic RNA to the cytoplasm. Interestingly, the individual vesicles themselves can be continuous with each other, as "internally confined" vesicles within the VP display direct connections with adjoining vesicles that have access to the cytoplasm (Fig. 4 and see Movie S3 in the supplemental material). This suggests that there is a great range of dynamic movement and, perhaps, the recycling of constituents within the VP.
A majority of the viral RNA within the RC is dsRNA. Previous reports suggested that the observed threads within the virus-induced vesicles are the replicating viral RNA. This has been based largely on the postembedding labeling of rubella virus-infected cells (12) and RNase treatment of tombusvirusinfected (37) and comovirus-infected (5) plant cells. Additionally, our previous studies indicated that the WNV KUN VP are the sole induced membranes decorated with antibodies to dsRNA, strongly implying that a majority of the dsRNA is housed within (19, 21, 22, 48) . Thus, we sought to additionally model the threads present in the WNV KUN VP in our tomograms, based on our proposal that these structures are the viral RNA. As shown in Fig. 5 , these structures were highly diverse in their structures and were quite dynamic in their appearances. Although we are aware that the structure of the RNA molecule has more than likely been affected by the fixation protocol, we believe that this representation still provides arguably the first structural visualization of replicating viral RNA in infected cells. Note that in most cases, the viral RNA spanned the breadth of the vesicles and was juxtaposed to the necks open to the cytoplasm.
To identify the nature of the viral RNA within the VP, we treated WNV KUN -infected cells with RNase A in the presence of high-or low-salt concentrations, which will digest singlestranded RNA (ssRNA) or all RNA, respectively. We have previously utilized this treatment during the in vivo labeling of WNV KUN with bromouridine (47) . High-or low-salt-treated cells were processed for resin embedding, and a quantitative analysis was performed to determine the fraction of vesicles that contain threads within the VP under the different treatment conditions (Fig. 6) . If the threads were solely dsRNA, then we would expect that these threads would be digested under low-salt but not under high-salt conditions. As shown in Fig. 6 , this was indeed the case. The analyses revealed that under high-salt conditions without RNase A, 74.08% (Ϯ9.86%; 452 of 618 vesicles) of vesicles contained visible threads, and under high-salt conditions plus RNase A, 74.15% (Ϯ9.02%; 661 of 890 vesicles) of vesicles contained visible threads, strongly suggesting that only a very small proportion of vesicles contained ssRNA. Under low-salt conditions without RNase A treatment, 78.65% (Ϯ12.58%; 488 of 590 vesicles) of vesicles contained visible threads, but under low-salt conditions plus RNase A, only 29.99% (Ϯ20.57%; 396 of 1,221 vesicles) of vesicles were observed to have a visible thread. Although we are aware that some RNA structures may not be accessible to RNase under these conditions, we believe that these analyses suggest that the vast majority of RNA within the VP is dsRNA and that newly transcribed genomic viral ssRNA is efficiently transported out of the VP, presumably via the open neck, for translation and/or packaging.
DISCUSSION
Using 3D tomography we have observed that the formation of the vesicles containing the WNV KUN RC most likely occurs via the sequestration of host cell membranes from an early stage within the secretory pathway and via the invagination of the ER membrane giving rise to open necks within the individual vesicles within the "packet." These necks most likely provide a means whereby cytoplasmic constituents (such as nucleotides) gain access to the internally replicating viral RNA and conversely provide an avenue for the replicated RNA to enter the cytoplasm for translation or packaging into progeny virus particles.
Our previous studies (19) , studies from others (29, 30, 45) , and the results presented here have revealed that the flavivirus RC is built upon a membrane scaffold rich in the ER-resident protein chaperones. In addition, we provide evidence to suggest that the biogenesis and recruitment of host proteins and/or membranes occur during a pre-Golgi step. Combined with our recent observations indicating a crucial role for cholesterol in facilitating efficient WNV KUN replication (23), we suggest that a highly dynamic lipid-based sorting mechanism is in place to enable the biogenesis of the viral RC. This feature could explain the presence of GalT (and other identified transGolgi proteins) within the VP, as it may well be coincidental rather than functional. We are postulating that GalT and probably other TGN-resident proteins are "sorted" within the ER via a lipid-based mechanism before transit to the Golgi apparatus, possibly within cholesterol-rich domains within the ER. It is therefore probable that during the sequestering of intracellular cholesterol by WNV KUN , these host proteins are additionally redistributed merely due to their locale. Further studies will be required to determine whether host proteins (like GalT) are functionally required by WNV KUN were also recently observed for the VP induced during DENV replication using a similar approach (45) . Our study and a previous study by Welsch et al. (45) have visualized the continuity of the rough ER membrane with the VP, and we provide a clear indication of the topology of the replicating RNA within the VP. This new model and this proposal are also in stark contrast to the model proposed previously by Uchil and Satchidanandam (40) , who suggested closed vesicles encasing the viral RNA. Our observations of WNV and the DENV study provide compelling evidence indicating the open access of the replicating RNA with cellular cytosolic components (Fig. 3 to 5) (45) .
The induction of vesicles tethered to a cellular membrane is in fact a shared trait of arguably all positive-sense RNA viruses infecting animals, plants, and insects (1, 4, 9, 10, 12, 13, 20, 26, 28, 32, 36, 38) . This commonality implies a conserved mechanism for the biogenesis of such structures and a shared purpose for inducing these membrane invaginations. Some of our recent studies have implied a role for these induced vesicles in protecting the viral RNA and associated components from immune surveillance (6) . It would be of interest to determine whether this is also true of the other virus families. Although morphologically similar, the cellular membrane origins of the virus-induced vesicles can differ markedly. The alpha-and to- FIG. 5 . Structural modeling of the viral RNA within the vesicles reveals a complex structure closely aligned to the vesicle pore. Two individual vesicles were 3D surface modeled (A, C, and E and B, D, F, and G, respectively), and the visible RNA was also surface rendered. The analyses showed that the viral RNA is present in a dynamic state and may reveal the presence of individual tertiary stem-loop structures present on the RNA backbone. Our analyses have also revealed that the viral RNA is juxtaposed to the pore-like opening tethering the individual vesicles.
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on October 24, 2017 by guest http://jvi.asm.org/ gaviruses utilize membranes derived from modified endosomes/lysosomes (1, 12) , members of the Nodaviridae utilize membranes of the mitochondria (28) , and the plant virus tombusvirus utilizes peroxisomes (33) , whereas the similar plant virus Brome mosaic virus, like the flaviviruses, nidoviruses, and coronaviruses, utilizes membranes derived from the ER (7, 19, 34, 42) . Based on these observations it is apparent that the specific lipid compositions of the members of the above-described organelles play an important role in replicating the viral RNA, conclusions that have been emphasized by studies of Brome mosaic virus replication (14) . Thus, in summary, we believe that our results have provided additional information on the biogenesis of the WNV KUN RC and have indicated the process by which WNV KUN recruits both cellular membrane and associated proteins to the RC. Our tomographic analysis also supports the recent observations made with DENV that reveal an open neck that tethers the RC to the ER membrane. Our analyses also reveal a greater degree of fluidity that exists within the RC, as we have observed that individual vesicles within the VP are also intimately connected via pores to allow the transfer of viral RNA and/or associated components during replication. The results were calculated from duplicate experiments, and the statistical analysis was performed by using an unpaired t test with a 95% confidence interval.
